A pure culture of Pseudomonas cepacia, designated AC1100, that can utilize 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) as its sole source of carbon and energy was isolated. An actively growing culture of AC1100 was able to degrade more than 97% of 2,4,5-T, present at 1 mg/ml, within 6 days as determined by chloride release, gas chromatographic, and spectrophotometric analyses. The ability of AC1100 to oxidize a variety of chlorophenols and related compounds is also reported.
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T) is a herbicide that has been used extensively for the last several decades not only for brush and weed control on rangelands, pastures, and rights-of-way, but also as a growth regulator to delay coloration of lemons, increase the size of citrus fruits, and reduce deciduous fruit drop (5). Extensive use of 2,4,5-T as a component of Agent Orange in Vietnam and as a herbicide in the United States and other countries for defoliation and control of poison ivy, poison oak, and various broadleaf weeds has created toxicological problems (6) , leading to a restricted usage of this compound in the United States and other countries (4). The persistence of 2,4,5-T has contributed significantly to this pollution problem, since this compound is known to be biodegraded very slowly and only by co-oxidative metabolism (11, 14) . No known microorganisms exist capable of utilizing this compound as a sole source of carbon and energy (1, 14) . Since cooxidative metabolism seldom leads to the incorporation of the carbon into bacterial cell mass, Alexander (1) has postulated that the persistence of compounds such as 2,4,5-T is due to the inability of natural microorganisms to derive their carbon and energy from the slow co-oxidative metabolism of this compound. We have recently developed a method, termed plasmidassisted molecular breeding, that has allowed us to breed in the laboratory a mixed culture capable of utilizing 2,4,5-T as a sole source of carbon and energy (10) . In this article, we report on the isolation and properties of a pure culture capable of utilizing 2,4,5-T as a sole source of carbon and energy.
MATERIALS AND METHODS Organisms. Strain AC1100 was isolated after successive plating of the mixed culture from the chemostat grown with 2,4,5-T as a sole carbon source (10) on minimal 2,4,5-T media. Taxonomic characterization tests have demonstrated the strain to be Pseudomonas cepacia. For cultivation and growth studies, the strain was inoculated into a basal salts medium (BSM) (12) of the composition (per liter of deionized water): 5.8 g of K2HPO4, 4.5 g of KH2PO4, 2 g of (NH4)2SO4, 0.16 g of MgCl2, 20 mg of CaC12, 2 mg of NaMoO4, 1 mg of FeSO4, and 1 mg of MnCl2. 2,4,5-T was dissolved in hot water with dropwise addition of 0.1 N NaOH and was freshly made as a stock solution (25 mg/ml) from which samples were added to the medium at 1 mg/ml. The cells were incubated at 30°C with shaking, and at different times samples were withdrawn, and 2,4,5-T loss was determined by gas chromatographic or spectrophotometric means, as well as by the release of chloride ions. Samples from the aliquots were also used for determining cell density by measuring turbidity at 540 nm in a Gilford model 2600 spectrophotometer, as well as by measurement of cell survival by dilution and plating on nutrient agar plates.
Gas chromatographic and spectrophotometric determination of 2,4,5-T. The amount of 2,4,5-T remaining in culture fluids was determined by direct spectrophotometric analysis at 206 or 288 nm, where UV wavelength scans of 2,4,5-T standards indicated maximal absorbance. For gas chromatographic determination of 2,4,5-T concentration, the supernatants were adjusted to pH 2 with concentrated H2SO4 and extracted three times with a 0.5 volume of ethyl acetate. The three extracts were pooled and evaporated to dryness under N2 gas. The trimethylsilyl derivatives of the dried material were prepared by suspending them in the pyridine-based solutions of N-methyl-N-trimethylsilyltrifluoroacetamide (Pierce Chemical Co. 2,4,5-T plates eventually produced colonies that could grow with 2,4,5-T as a sole carbon source with a generation time varying from 250 to 600 min, depending upon 2,4,5-T concentrations, media composition, and rate of aeration. Successive single-colony isolations from BSM-2,4,5-T plates produced a pure culture, which has been tentatively identified as P. cepacia. This taxonomic identification is based on the fact that it is a strictly aerobic, pentose-and hexose-nonfermenting, gram-negative, and motile rod-shaped bacterium with multiple polar flagella. It is cytochrome oxidase and L-lysine decarboxylase positive, but L-arginine dihydrolase negative, grows at 30 and 37°C, but very poorly at 42°C, hydrolyzes Tween 80, and produces yellowish pigment in triple sugar iron agar. This culture has been designated as P. cepacia AC1100.
Growth of AC1100 with 2,4,5-T. The ability of the strain AC1100 to grow with 2,4,5-T as a sole source of carbon and energy is shown in Fig. 1 chloride release, as well as the physical loss of 2,4,5-T. At the end of the 6-day period, there was more than 97% loss of 2,4,5-T and essentially 100% release of chloride from the substrate. The effect of varying concentrations of 2,4,5-T on the growth and chloride release by AC1100 is seen from the results in Fig. 2 . With increasing concentrations of 2,4,5-T, there was a decrease in the growth rate of the strain, and at concentrations above 2 mg of 2,4,5-T per ml in the medium, there was a pronounced lag before active growth resumed. Under such conditions, however, the ultimate cell density was higher than with lower concentrations of 2,4,5-T. No growth was observed when the 2,4,5-T concentration was increased beyond 3 mg/ml.
The effect of varying temperature and pH on growth and 2,4,5-T degradation was also studied ( seen from the results in Fig. 3 . The 2,4,5-T concentration at the end of each incubation period was determined by integration of gas chromatographic peaks with a Varian CDS 111 integrator. As can be seen, almost 50% of the 2,4,5-T was lost during the first 2 h, whereas only about 15% of the total chlorines were released during this period. This appears to indicate that during the initial phase, substantial amounts of 2,4,5-T might be removed from the broth, either through specific uptake by the cells, or through production and accumulation of intermediates that still retained the three chlorines (i.e., 2,4,5-trichlorophenol). With increasing periods of incubation, the intermediates were totally oxidized so that by the end of 9 h of incubation, 90% of the 2,4,5-T disappeared with the release of 70% of the total chlorines. was lost with the release of 94% of the chlorines. Oxidation of 2,4,5-T and other chlorophenols by AC1100. We have previously reported that 2,4,5-trichlorophenol could be detected in the culture fluid when the mixed culture was grown with 2,4,5-T (3). 2,4,5-Trichlorophenol can also be detected by gas chromatography-mass spectrometry when AC1100 is grown with 2,4,5-T as a sole carbon source (unpublished data). It was therefore of interest to see if 2,4,5-trichlorophenol, as well as perhaps other chlorophenols and phenoxyacetic acids, could be oxidized by resting cells of strain AC1100. The results in Table 2 demonstrate the high rate of oxidation of 2,4,5-T, as well as 2,4,5-trichlorophenol. Such rates were higher than that of succinate. The presence of the side chain acetic acid moiety appears to be essential, since 2,4,5-trichlorophenoxypropionic acid was not oxidized. Similarly, the presence of the chlorine atoms in the aromatic nucleus also appears to be essential, since phenoxyacetic acid itself was oxidized at a low rate. The substantial oxidation of 2,4-dichlorophenoxyacetic acid, however, indicates that not all of the three chlorines are essential for the substrate specificity of the oxidative enzymes, although the lack of oxidation of 2-methyl-4-chlorophenoxyacetic acid or the low rate of oxidation of 2,3,6-trichlorophenol relative to 2,4,5-trichlorophenol or 2,3,5-trichlorophenol appears to indicate that the presence of chlorine at the 5-position facilitates the oxidation of the molecule. It is not clear whether the same enzymes might also be responsible for low rates of oxidation of pentachlorophenol, a tetrachlorophenol, and a variety of mono-and dichlorophenols. Since chlorophenols are known to stimulate respiration by uncoupling phosphorylation, the effects of these compounds on a laboratory strain of P. cepacia (strain 383, obtained from T. Lessie) were also tested. The rates of oxygen uptake in the presence of 2,4,5-T and chlorophenols were much higher for AC1100 than for strain 383 (Table 2 ). It is clear that the enhanced rates of oxygen uptake for strain AC1 100 are due to oxidation of these compounds and not due solely to their uncoupling effects. Resting cells of AC1100 release more than 80% of the chlorine Stability of 2,4,5-T degradative capability. Single colonies of AC1100 growing on 2,4,5-T were used to inoculate flasks of BSM-glucose. These cultures were then maintained in BSM-glucose for at least 18 generations, as determined by monitoring the optical density at 600 nm. At the start and at various times throughout the experiment, samples were taken and streaked onto nutrient agar plates to obtain single colonies. Fifty single colonies from each sampling were then taken from the nutrient agar plates and patched onto BSM-2,4,5-T agar to determine the percentage of AC1100 colonies that retained the ability to degrade 2,4,5-T. The results in Fig.  4 , which represent the average of three independent experiments, clearly indicate that the 2,4,5-T degradative capability is unstable in strain AC1100, and is lost spontaneously at a high frequency.
DISCUSSION
The emergence of a pure culture capable of growing with 2,4,5-T, obtained initially as a mixed culture where individual members did not have the capability to utilize 2,4,5-T as a sole carbon source, is an indication of the various gene transfer and recombinational mechanisms operative in the selection of a faster-growing variant in the utilization of xenobiotic compounds. Since plasmids probably played a critical role in supplying the gene pools which the mixed bacterial population could use to evolve the 2,4,5-T degradative capability (10) , it is anticipated that the degradative genes would be parts of one or more plasmids in the final strain AC1100. The instability of the 2,4,5-T degradative pathway in AC1100 may point to this possibility. Also, a tentative pathway for the cooxidative metabolism of 2,4,5-T has been postulated (13) , based on the accumulation of intermediates in the oxidation of 2,4-dichlorophenoxyacetic acid and 2,4,5-T (7, 15) . The availability of a pure strain capable of utilizing 2,4,5-T rapidly may now allow not only the characterization of various intermediates, accumulated in a variety of 2,4,5-T-mutants of AC1100 obtained by chemical or transposon mutagenesis (8) , but also the purification and study of dehalogenation enzymes allowing dechlorination from all three positions. If these enzymes are found to be plasmid specified, then it might also be possible to construct a physical map of the 2,4,5-T degradative plasmid. More- over, the ancestry of individual genes may be traced by DNA-DNA hybridization studies so that the contribution of various degradative plasmids to the evolution of this pathway and some of the molecular events which gave rise to the unique capabilities of AC1100 can be determined.
The laboratory breeding of a strain capable of utilizing a known recalcitrant compound such as 2,4,5-T raises the question of whether such strains will be useful in removing 2,4,5-T from the environment. 2,4,5-T has been widely used in various parts of the world as a herbicide, notably in Vietnam as a component of Agent Orange (4) in massive amounts for defoliation purposes. 2,4,5-T is known to exert certain genotoxic effects (5) and has been implicated in birth malformations and neurological problems in affected populations (6) . We have recently demonstrated that in laboratory experiments, AC1100 can not only remove more than 97% of 2,4,5-T from soil contaminated (1,000 ppm [1,000 Rxg/g]) with this herbicide (2) , but that repeated applications of this strain in soil heavily contaminated with 2,4,5-T (10,000 to 15,000 ppm), as is often found in certain areas in Vietnam and U.S. Air Force bases, can lead to removal of more than 75% of 2,4,5-T in 6 weeks (9) . Additionally, as shown by results in Table 2 , AC1100 can oxidize 2,4,5-trichlorophenol and a number of other chlorophenols which comprise major ingredients of a number of toxic chemical dump sites. Actual field trials with such a pure culture will demonstrate whether use of laboratory-bred microorganisms designed to utilize a variety of known recalcitrant compounds may allow the removal of a number of toxic, persistent chemicals from the environment.
